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ABSTRACT: The loop betweenR-helix 6 andâ-strand 6 in theR/â-barrel of ribulose-1,5-bisphosphate
carboxylase/oxygenase plays a key role in discriminating between CO2 and O2. Genetic screening in
Chlamydomonas reinhardtiipreviously identified a loop-6 V331A substitution that decreases carboxylation
and CO2/O2 specificity. Revertant selection identified T342I and G344S substitutions that restore
photosynthetic growth by increasing carboxylation and specificity of the V331A enzyme. In numerous
X-ray crystal structures, loop 6 is closed or open depending on the activation state of the enzyme and the
presence or absence of ligands. The carboxy terminus folds over loop 6 in the closed state. To study the
molecular basis for catalysis, directed mutagenesis and chloroplast transformation were used to create
T342I and G344S substitutions alone. X-ray crystal structures were then solved for the V331A, V331A/
T342I, T342I, and V331A/G344S enzymes, as well as for a D473E enzyme created to assess the role of
the carboxy terminus in loop-6 closure. V331A disturbs a hydrophobic pocket, abolishing several van der
Waals interactions. These changes are complemented by T342I and G344S, both of which alone cause
decreases in CO2/O2 specificity. In the V331A/T342I revertant enzyme, Arg339 main-chain atoms are
displaced. In V331A/G344S,R-helix 6 is shifted. D473E causes disorder of the carboxy terminus, but
loop 6 remains closed. Interactions between a transition-state analogue and several residues are altered in
the mutant enzymes. However, active-site Lys334 at the apex of loop 6 has a normal conformation. A
variety of subtle interactions must be responsible for catalytic efficiency and CO2/O2 specificity.

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubis-
co,1 EC 4.1.1.39) serves as the key enzyme for photosynthetic
carbon assimilation by catalyzing the rate-limiting reaction
of CO2 with ribulose 1,5-bisphosphate (RuBP) to form two
molecules of 3-phosphoglycerate (reviewed in refs1-3).
Rubisco also catalyzes an oxygenase reaction in which O2

competes with CO2 for the same enediol intermediate of
RuBP. Competitive oxygenation of RuBP generates one
molecule of 3-phosphoglycerate and one molecule of 2-phos-

phoglycolate. The latter product initiates photorespiration, a
seemingly futile pathway that causes a considerable decrease
in the rate of photosynthetic biomass assimilation. Coupled
with its slow turnover, activity regulation by a chaperone-
like Rubisco activase protein, and complex quaternary
structure, there has been much interest in engineering an
improved Rubisco enzyme as a means for increasing
agricultural productivity (reviewed in refs1-6).

The Rubisco CO2/O2 specificity factor (Ω) is defined as
the ratio of the catalytic efficiencies of carboxylation (Vc/
Kc) and oxygenation (Vo/Ko), whereV is theVmax of either
carboxylation or oxygenation andK is the Michaelis constant
for CO2 or O2 (7), and is proportional to the difference in
free energies of activation for the carboxylation and oxy-
genation transition states (8). There is considerable variation
in Ω among Rubisco enzymes from different species (9-
11). Structural differences relatively far from the active site
may contribute to this variation (12-14).

Rubisco from most prokaryotes and all eukaryotes is a
hexadecamer (reviewed in ref2). In land plants and green
algae, two∼55 kDa large subunits (encoded by the chlo-
roplastrbcL gene) assemble into functional dimers with two
active sites at the interface. A core comprised of four of these
dimers is capped at each end by four∼15 kDa small subunits
(encoded by a family ofrbcSnuclear genes). X-ray crystal
structures of Rubisco enzymes from prokaryotes, algae, and
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land plants reveal a striking similarity among the large
subunits.

The large subunit contains a carboxy-terminalR/â-barrel
that forms a rigid framework for the active site. Loops of
the R/â-barrel domain of one subunit and residues in the
amino-terminal domain of the other subunit in the dimer
contribute invariant residues that interact with the substrate
(15). Whereas the majority of these loops form part of the
rigid framework of the active site, some loops are flexible
and move during catalysis. Judging from the available
structures in the Protein Data Bank (PDB), the movements
are strict, and partition Rubisco structures into two states,
either open or closed (16). The open state is associated with
an unliganded active site or an active site occupied by loosely
bound ligands (substrates or products). The closed state, in
contrast, is associated with tightly bound substrates or
inhibitors. A closed active site is completely shielded from
solvent and able to sustain catalysis (16).

The transition between open and closed active sites is well-
defined (17, 18). When the active site closes, there is a rigid-
body movement that brings the amino- and carboxy-terminal
domains of adjacent subunits together, residues 63-69 of
the amino-terminal domain become ordered, part of the loop
betweenâ-strand 6 andR-helix 6 of theR/â-barrel (residues
331-338 of loop 6) closes over the active site, and the
carboxy-terminal strand (residues Trp463 to the end) packs
against loop 6 (Figure 1). Thus, loop 6 plays a critical role
in both carboxylation and oxygenation.

The sequence of loop 6 is well-conserved among land
plants and green algae. Apart from Gly333 and Gly337,
which are likely conserved to maintain flexibility in the hinge
of the loop, one residue, Lys334, is strictly conserved (Figure
1). Crystallographic analysis of activated Rubisco complexed
with the transition-state analogue 2-carboxyarabinitol 1,5-
bisphosphate (CABP) reveals the importance of Lys334 in
orienting and stabilizing the intermediate (19). The side chain
of Lys334, which is situated at the tip of loop 6, extends
into the active site and hydrogen bonds to the two oxygen
atoms of CABP that are equivalent to those of substrate CO2.

It also makes hydrogen bonds with theγ-carboxylate of
Glu60 and the hydroxyl group of Thr65 in the amino-terminal
domain of the adjacent large subunit. Directed mutagenesis
studies of Rubisco fromRhodospirillum rubrumand Syn-
echococcusdemonstrated that alterations at Lys334 can cause
dramatic decreases in carboxylation andΩ (20-23).

The transition of loop 6 from the open to closed form
involves changes in theφ andψ torsion angles of residues
Val332 and Glu338 (16). The adjacent Gly333 and Gly337
provide the flexibility required for the transition. Another
residue, Val331, also appears to form part of the hinge on
which loop 6 moves (Figure 1). This residue is also highly,
but not strictly, conserved (24).

The importance of loop 6 and Val331 was originally
demonstrated by genetic screening in the green algaChlamy-
domonas reinhardtii(25). Replacement of Val331 by Ala
caused considerable reduction inΩ and carboxylation
catalytic efficiency. Genetic selection for restored photosyn-
thesis identified T342I and G344S substitutions that increased
Ω with only a modest improvement inVc/Kc (25, 26). The
fact that residues 331, 342, and 344 flank the strictly
conserved Lys334 situated at the tip of loop 6 stressed the
importance of this loop for catalysis and specificity in
Rubisco (Figure 1). Despite conflicting results between two
subsequent studies, directed mutagenesis generally confirmed
the importance of residues 331 and 342 inSynechococcus
Rubisco (22, 27).

Apart from the transition observed in loop 6, movement
of the carboxy terminus against loop 6 also seems to be
intimately involved in the transition from the open to the
closed state of the Rubisco active site (17, 18). In particular,
Asp473 was proposed to serve as a latch responsible for
placing the large-subunit carboxy terminus over loop 6,
thereby stabilizing the closed conformation required for
catalysis (16) (Figure 1). However, directed mutagenesis and
chloroplast transformation inChlamydomonasshowed that
Asp473 is not essential for catalysis. D473A and D473E
mutant enzymes supported near-wild-type photosynthetic
growth despite substantial decreases inΩ and Vc/Kc (28).

To better understand the structural role of loop 6 and the
carboxy terminus in Rubisco catalysis, suppressor-mutant
enzymes T342I and G344S were created by directed mu-
tagenesis and chloroplast transformation ofChlamydomonas.
The kinetic properties of the purified mutant enzymes were
determined. X-ray crystal structures were solved for the
original ChlamydomonasV331A-mutant enzyme, V331A/
T342I- and V331A/G344S-revertant enzymes, and T342I-
suppressor enzyme. A lower resolution (2.8 Å) crystal
structure was also obtained for the carboxy-terminal D473E-
mutant enzyme. These structures were compared to each
other and to the 1.4 Å structure of wild-typeChlamydomonas
Rubisco (29).

MATERIALS AND METHODS

Strains and Culture Conditions. C. reinhardtii2137mt+

is the wild-type strain (30). The rbcL-V331A mutant was
recovered previously by genetic screening for an acetate-
requiring phenotype (8). Photosynthesis-competentrbcL
revertants V331A/T342I and V331A/G344S, which arose
from intragenic suppression, were recovered by genetic
selection on minimal medium in light (8, 26). Mutant strain

FIGURE 1: Loop 6 and associated structural regions in the X-ray
crystal structure ofChlamydomonasRubisco (PDB 1GK8) (29).
Loop 6 (residues 328-338) is colored green,R-helix 6 (residues
339-350) is colored orange, the carboxy-terminal strand (residues
463-475) is colored blue. and an amino-terminal loop (residues
63-70) of a neighboring large subunit is colored yellow.
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MX3312 mt+ is used as the host for chloroplast transforma-
tion (28). It lacks photosynthesis and requires acetate for
growth due to the engineered replacement ofrbcL with the
bacterial aadA gene (31). The rbcL-D473E mutant was
created previously by directed mutagenesis, chloroplast
transformation of MX3312, and selection for photosynthetic
growth (28). All Chlamydomonasstrains were maintained
at 25°C in darkness with 10 mM acetate medium containing
1.5% Bacto agar (30). For routine biochemical analysis, cells
were grown on a rotary shaker at 220 rpm with 250-500
mL of liquid acetate medium in darkness.

Directed Mutagenesis and Chloroplast Transformation.
Using a plasmid containing theChlamydomonas rbcLgene
(32), directed mutagenesis was performed using synthetic
oligonucleotides and a QuickChange mutagenesis kit from
Stratagene (33). To create the T342I substitution, the
sequence ACT was changed to ATT. The G344S substitution
was created by changing GGT to TCT, which eliminated a
recognition site forBfaI as an aid for subsequent screening.
Following amplification inEscherichia coliXL1-Blue (Strat-
agene), the resultant mutant plasmids, named pLS-T342I and
pLS-G344S, were transformed into the chloroplast ofrbcL-
mutant MX3312 by using a helium-driven biolistic device
(34). Photosynthesis-competent transformants were selected
on minimal medium in light (80µmol of photons m-2 s-1)
by standard methods (28, 32). Successive rounds of selection,
single-colony isolation, and restriction-enzyme analysis were
performed to ensure the homoplasmicity of the mutant genes
(28, 32). The mutantrbcL genes were PCR amplified and
completely sequenced at the DNA sequencing facility of the
University of Nebraska (Lincoln, NE) to confirm that only
the intended mutations were present. The mutantChlamy-
domonasstrains were named T342I and G344S.

Biochemical Analysis.Rubisco holoenzyme was purified
from dark-grown cells on sucrose gradients containing 50
mM N,N-bis(2-hydroxyethyl)glycine (pH 8.0), 10 mM
NaHCO3, 10 mM MgCl2, and 1 mM dithiothreitol (35). The
carboxylation and oxygenation kinetic constants of purified
and activated enzymes were assayed in the same buffer by
measuring the incorporation of acid-stable14C from NaH14-
CO3 (36). Ω was determined with 20µg of Rubisco per
reaction by assaying carboxylase and oxygenase activities
simultaneously with 44µM [1-3H]RuBP (15.8 Ci/mol) and
2 mM NaH14CO3 (5.0 Ci/mol) in 30 min reactions at 25°C
(37, 38). The phosphoglycolate phosphatase and [1-3H]RuBP
used in the assays were synthesized/purified according to
standard methods (37, 39).

Purification, Crystallization, and Data Collection.To
obtain large quantities of Rubisco for structural analysis, 3-5
L of cell culture were concentrated by centrifugation, and
the cells were lysed by sonication. Protein was precipitated
with ammonium sulfate between 30% and 50% saturation.
The redissolved cellular material was loaded onto a Super-
dex-200 Hiload 16/60 size exclusion column (GE Healthcare
Life Sciences), and fractions corresponding to Rubisco were
collected and loaded onto a MonoQ anion exchange column.
Rubisco was eluted from the column with a 0.1-0.5 M NaCl
gradient. Purified protein was concentrated to 10 mg/mL in
an activating buffer containing 50 mM HEPES (pH 7.5), 10
mM NaHCO3, and 5 mM MgCl2. Crystals of the mutant
Rubisco enzymes were grown using the hanging-drop vapor
diffusion method at 20°C. The drops were prepared by

mixing a protein solution containing 10 mg/mL Rubisco and
1 mM CABP with an equal amount of a well solution
containing 50 mM HEPES (pH 7.5), 0.05-0.2 M NaCl,
7-12% poly(ethylene glycol) 4000, 10 mM NaHCO3, and
5 mM MgCl2. Crystals grew within 1 week. Prior to data
collection, crystals were frozen in liquid N2 using a mother
liquor with 30% ethylene glycol added as a cryoprotectant.
Data for the V331A/T342I and D473E mutant enzymes were
collected on beamline I711 at Max-lab, Lund, Sweden. Data
for the V331A and T342I enzymes were collected on
beamline ID14-1 and those for the V331A/G344S enzyme
on beamline ID14-3 at the European Synchrotron Radiation
Facility, Grenoble, France. A single crystal was used in
each case. The data were processed using DENZO and
SCALEPACK (40).

Structure Determination and Refinement.The mutant
crystal structures were solved by molecular replacement
using the program MOLREP (41, 42). The search object
consisted of half a molecule of wild-typeChlamydomonas
Rubisco (four large and four small subunits), PDB code
1GK8 (39), in which the mutated residues were deleted.
Refinement was performed using REFMAC5 (43). For cross-
validation, 5% of the data were excluded from the refinement
for Rfree calculations. Initial 2Fo - Fc andFo - Fc electron
density maps, calculated after one round of rigid body
refinement of individual large and small subunits using data
between 20 and 3 Å, showed clear density for the mutated
residues except in the case of D473E, in which the substitu-
tion causes disorder of residues 470-475. After the substi-
tuted residues were built into the density, the mutant
structures were further refined using a maximum likelihood
target function and overallB-factor refinement. Tight non-
crystallographic symmetry (NCS) restraints were imposed
at the beginning of the refinement for all structures. Toward
the end of refinement, NCS restraints were relaxed or
removed for regions of the structure that clearly deviated
from NCS. Analysis of the structures revealed that the
majority of the deviations are caused by close-packing
interactions in the crystal. In the structures of the V331A,
T342S, and V331A/T342S enzymes, close contacts involve
residues 439 of the large subunit and residues 84 and 130-
140 of the small subunit. NCS restraints were thus removed
entirely from these residues. The V331A/G344S enzyme
crystallizes in a different space group (P212121 instead of
P21). In this case, loop 91-95 of the large subunit deviates
from NCS in two of the subunits (A and E) and was thus
excluded from NCS restraints. In addition, the high resolution
of this structure (1.5 Å) permitted a slight relaxation of
restraints on amino acid side chains toward the end of the
refinement. The structure of the D473E enzyme is of low
resolution (2.8 Å). Therefore, tight NCS restraints were
maintained throughout refinement in this case. Solvent
molecules were added using ARP/wARP (44). Throughout
the refinement, 2mFo - DFc and mFo - DFc sigmaA-
weighted maps (45) were inspected and the models manually
adjusted in O (46).

RESULTS

RecoVery and Analysis of Mutant Enzymes. As a means
for further elucidating the contribution of loop-6 residues to
the function of Rubisco, suppressor substitutions were created
in the absence of the original V331A-mutant substitution.
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TheChlamydomonasT342I- and G344S-suppressor strains
were recovered at wild-typerbcL transformation frequencies,
displayed wild-type growth phenotypes, and had normal
levels of Rubisco holoenzymes as measured via sucrose-
gradient fractionation (data not shown). Thus, whereas both
of the suppressor substitutions can restore photosynthetic
growth of the original V331A mutant by increasing the
Rubisco carboxylation rate and specificity (8, 36), neither
has any obvious effect on cell growth or Rubisco accumula-
tion in the absence of the V331A substitution.

To determine whether the suppressor substitutions might
increase the carboxylation rate or specificity of otherwise
wild-type Rubisco, detailed kinetic analysis of the purified
T342I- and G344S-suppressor enzymes was performed. As
shown in Table 1 and previously (8, 36), the T342I and
G344S suppressor substitutions affect the kinetic properties
of the original V331A-mutant enzyme in similar ways.
Relative to the V331A enzyme, the V331A/T342I- and
V331A/G344S-revertant enzymes have increases inΩ due
to beneficial increases inVc and decreases inKc, and these
increases inΩ occur despite∼2-fold decreases inKo for
both of the revertant enzymes. When the kinetic properties
of the T342I- and G344S-suppressor enzymes (which contain
wild-type Val-331) were determined (Table 1), both were
found to have detrimental alterations in Rubisco catalytic
properties. However, the suppressor substitutions affect
catalysis in different ways. Relative to wild-type Rubisco,
the V331A/T342I-revertant and T342I-suppressor enzymes

have similar decreases inΩ andVc, and increases inKc and
Ko (Table 1). Thus, the T342I substitution appears to be
epistatic to the V331A substitution. In other words, T342I
may alter the Rubisco structure in such a way as to make
the effect of the identity of residue 331 (Val or Ala)
insignificant. In contrast, the catalytic properties of the
V331A/G344S-revertant enzyme appear to be intermediate
(nonadditive) to those of the V331A-mutant and G344S-
suppressor enzymes (Table 1). This may indicate that
residues 331 and 344 interact with each other or a common
structural or functional element that determines Rubisco
catalytic efficiency and specificity. Despite a beneficial
decrease inKc, the G344S-suppressor enzyme has detrimental
decreases inΩ, Vc, andKo relative to the catalytic properties
of the wild-type enzyme.

X-ray Crystal Structures of the Mutant Enzymes.To better
understand the structural alterations and interactions brought
about by residue substitutions in the loop-6 region, it was
possible to solve the X-ray crystal structures of five of the
mutant enzymes. The crystallographic data collection and
refinement statistics for these crystal structures are sum-
marized in Table 2. The quality of the structures is evidenced
by the low values forRcryst andRfree and the small deviations
from ideal geometry. Clear density was observed for the
substituted residues (Figure 2), and all enzymes showed
density for all 140 residues of the small subunit. The amino-
terminal residues of the large subunit were disordered in all
structures, but the extent of disorder varied from subunit to

Table 1: Kinetic Properties of Rubisco Purified from the Wild Type, Mutant V331A, Revertants V331A/T342I and V331A/G344S, and
Suppressor Mutants T342I and G344S

enzyme
Ωa

(VcKo/VoKc)
Vc

a

(µmol h-1 mg-1)
Kc

a

(µM CO2)
Ko

a

(µM O2) Vc/Kc
b Ko/Kc

b Vc/Vo
b

wild type 63( 1 116( 8 36( 1 448( 74 3.2 12 5.3
V331A 25( 4 4 ( 1 162( 17 1921( 254 <0.1 12 2.1
V331A/T342I 51( 2 39( 12 54( 5 758( 102 0.7 14 3.6
V331A/G344S 44( 3 25( 5 91( 8 933( 99 0.3 10 4.4
T342I 54( 2 56( 19 42( 5 700( 169 1.3 17 3.2
G344S 57( 2 63( 13 26( 3 217( 34 2.4 8 7.1
a Values are the means( standard deviation (n - 1) of three separate enzyme preparations.b Calculated values.

Table 2: Statistics for Data Collection and Refinement

V331A V331A/T342I T342I V331A/ G344S D473E

resolution limita (Å) 1.8 (1.83-1.80)d 2.3 (2.29-2.25) 2.0 (2.03-2.00) 1.5 (1.54-1.50) 2.8 (2.90-2.80)
space group P21 P21 P21 P212121 P21

cell dimensions
a, b, c (Å) 121.4, 177.4, 122.6 120.4, 178.2, 122.6 120.1, 178.6, 122.5 129.9, 196.6, 202.0 114.2, 169.1, 137.2
â (deg) 117.6 117.7 117.8 90.0 96.2

no. of reflns
measured 1 359 564 1 285 694 708 970 3 301 610 342 049
unique 389 935 221 744 272 649 781 039 125 065

completeness (%) 92.4 (60.0) 99.2 (88.6) 89.2 (89.9) 96.0 (89.9) 98.4 (98.6)
I/σ 16.5 (2.4) 10.8 (3.1) 7.5 (1.3) 20.0 (1.9) 11.9 (1.8)
Rmerge

b 0.232 (0.462) 0.156 (0.396) 0.126 (0.689) 0.083 (0.525) 0.094 (0.626)
meanB-factorBW

a (Å2) 15.04 19.39 17.96 19.24 59.61
Rcryst

c 0.191 (0.244) 0.171 (0.199) 0.174 (0.241) 0.176 (0.256) 0.197 (0.324)
Rfree

c 0.214 (0.271) 0.202 (0.256) 0.207 (0.283) 0.192 (0.270) 0.228 (0.354)
estimated coordinate errora (Å) 0.088 0.142 0.112 0.046 0.298
rmsd from ideal geometry

bond lengths (Å) 0.009 0.012 0.010 0.011 0.014
bond angles (deg) 1.16 1.28 1.19 1.29 1.40

a For the wild-typeChlamydomonasRubisco structure (PDB code 1GK8), the resolution limit is 1.4 Å, the WilsonB-factor is 11.8 Å2, and the
estimated coordinate error (based on maximum likelihood calculations) is 0.034 Å.b Rmerge ) ∑h∑i|Ii(h) - 〈Ii(h)〉|/∑h∑iI i(h), where I(h) is the
observed intensity and〈I(h)〉 is the mean intensity of reflectionh. c R ) ∑hkl||Fo| - |Fc||/∑hkl|Fo|, whereFo andFc are the observed and calculated
structure factor amplitudes, respectively.d Values in parentheses are for the highest resolution shell.
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subunit. With some exceptions (see below), density was
observed for residues 11-475 (from a total of 475 residues).
However, in several of the subunits, an additional 2-4
amino-terminal residues could be built into the density. In
the V331A-mutant enzyme, the last residue of the large
subunit (475) was disordered. In the D473E-mutant enzyme,
density was observed for large-subunit residues 11-469
except in one subunit (D), in which residues 470-474 could
also be modeled. However, instead of folding over the active
site, these residues point outward and are stabilized by the
interaction with a neighboring molecule in the crystal. Thus,
the relatively modest substitution of Asp473 by Glu causes
disorder of the last six carboxy-terminal residues.

With the exception of local, but significant deviations close
to the substituted residues in some of the mutant enzymes,
no substantial shifts in large-subunit CR backbone atoms are
observed between the wild-type and mutant structures (Figure
3). A superposition of the individual wild-type large subunits
with the large subunits of V331A, T342I, V331A/T342I,
V331A/G344S, and D473E using the algorithms encoded
in O (46) gave root-mean-square deviations of 0.20, 0.18,

0.25, 0.30, and 0.23 Å for all CR atoms, respectively. These
numbers are mean values for all eight subunits of the model.
Although the values are close to the atomic coordinate error,
it is interesting to note that the double-mutant revertant
enzymes display greater deviation than that of the loop-6
single-mutant enzymes. The corresponding differences for
the small subunit (residues 1-126) are 0.23, 0.21, 0.19, 0.21,
and 0.34 Å, respectively. In the V331A/G344S-revertant
enzyme, the substitution of Gly344 by Ser causes a substan-
tial displacement of almost the entire large-subunitR-helix
6 (residues 338-347, Figure 4), as well as residues 356-
362 of an adjacent loop, causing a shift in backbone
coordinates for these residues of approximately 1 Å. A large
shift is also observed for residues 88-95 in a loop near the
large-subunit amino terminus of the V331A/G344S-revertant
enzyme. However, in this case the shift is only observed in
two of the eight subunits of the structure and is most likely
caused by crystal packing interactions. This loop may interact
with Rubisco activase (47, 48).

Perturbations in the Loop-6 Hydrophobic Core.The side
chain of Val331 is situated in a hydrophobic pocket and has
van der Waals interactions with residues Thr342 and Ile393
and the main-chain CR atom of Arg339 (Figure 5A, Table
3). Substitution of the Val side chain by Ala in the V331A-
mutant enzyme weakens these interactions considerably. In
particular, the Ala Câ atom does not make van der Waals
contact with Thr342 (Figure 5A, Table 3). In at least one of
the subunits, weak density was observed in the resultant
cavity that most likely corresponds to two water molecules
at low occupancy (Figure 3). In the V331A/T342I-revertant
enzyme, van der Waals contact is restored between residues
331 and 342 (Figure 5B, Table 3). Most remarkable is the
movement required to bring the CR atom of residue Arg339
within van der Waals interaction distance with Ala331. This
causes considerable displacement of the main-chain backbone
of residues 337-343, with the CR atom of Arg339 shifted
by 0.87 Å (Figure 5B, Table 3). In principle a similar
movement would be possible in the V331A-mutant enzyme,
but no such shift was observed (Figure 5A). The presence
of the additional Ile342 Cγ atom may be required to stabilize
this shift. The additional bulk of the Ile342 Cγ atom in the

FIGURE 2: Electron density around the substituted residues in the
V331A/T342I-revertant enzyme. The density is contoured at 1.0
σ, whereσ represents the root-mean-square deviation from the mean
density.

FIGURE 3: Outline of loop 6 in Rubisco from theChlamydomonas
wild type (carbon atoms colored white), mutant V331A (carbon
atoms colored blue), and revertant V331A/T342I (carbon atoms
colored yellow). Water molecules (wat, colored blue) are from the
V331A-mutant enzyme structure (A-subunit only).

FIGURE 4: Shift of R-helix 6 and loop 356-362 in the V331A/
G344S-revertant enzyme. Superposition of wild-type (white) and
V331A/G344S-revertant (green) enzyme structures.
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T342I-suppressor enzyme causes a slight shift of the side
chain of Val331 relative to that of the wild type and V331A
(Figure 5C). Movement of the Arg339 backbone atoms was
not observed in the T342I-suppressor enzyme due to the
presence of the two Câ atoms of Val331 (Figure 5C, Table
3). Thus, movement of Arg339 cannot be responsible for

the similar kinetic properties of the V331A/T342I-revertant
and T342I-suppressor enzymes (Table 1). However, whereas
the Oγ atom of Thr342 makes a hydrogen bond to the
carbonyl oxygen of Glu338 and a solvent-mediated hydrogen
bond to the carbonyl oxygen of Ser328, these interactions
are abolished when Thr342 is replaced by Ile in both the
V331A/T342I-revertant and T342I-suppressor enzymes.

A shift of similar magnitude (0.96 Å) was observed for
the CR atom of Arg339 in the V331A/G344S-revertant
enzyme (Table 3, Figure 4). In this case, the shift is a
consequence of the displacement of almost the entireR-helix
6 (Figure 4). This displacement brings Thr342 significantly
closer to Ala331 (Table 3, Figure 4). The substantial
alterations resulting from the substitution of Gly344 with
Ser may also be responsible for the altered catalytic properties
of the G344S-suppressor enzyme (Table 1). However, the
presence of Val331 may limit the displacement ofR-helix
6, which may account for the different catalytic properties
of the V331A/G344S-revertant and G344S-suppressor en-
zymes.

Alterations in the ActiVe Site.Lys334 is located at the apex
of loop 6 and interacts with substrate CO2 in the CABP
transition-state analogue (Figure 1) (29). Thus, Lys334 may
be assumed to play a key role in the partitioning between
carboxylation and oxygenation of the 2,3-enediolate of RuBP
(8, 21). However, despite the fact that CO2/O2 specificity is
altered in all the mutant enzymes (25, 26) (Table 1), the
structural interaction between Lys334 and CABP is not
disturbed (all shifts are within the coordinate error). Instead,
there is a slight shift of the central part and the P2 phosphate
group of bound CABP in the mutant enzymes. As a
consequence, interactions between O3 of CABP and the
Lys201 carbamate O1 is lengthened in the mutant enzymes
(Table 4). More importantly, the V331A-mutant enzyme has
significant increases in the hydrogen bond distances between
CABP and the active-site residues Thr173 and Ser379 (Table
4). These distances are returned to near-wild-type values in
the revertant and suppressor enzymes (Table 4). Such
differences may contribute to the observed changes in kinetic
constants.

Interactions with the Carboxy Terminus.As mentioned
earlier, Glu338 interacts via a hydrogen bond between its
carbonyl oxygen and Oγ of Thr342 in the wild-type and
V331A-mutant enzymes. In the wild-type enzyme, the
Glu338 side chain also makes solvent-mediated hydrogen
bonds to main-chain atoms of Asp473 and Leu475 in the
carboxy terminus of the large subunit (Figure 6). These
interactions are either weakened or absent in the mutant
enzymes. This is most pronounced in the D473E enzyme,
where the carboxy terminus from residue 470 onward is
disordered. However, Leu475 is also disordered in the
V331A-mutant enzyme, and neither of the two solvent
molecules is observed in the electron density maps. In the
T342I-suppressor and V331A/T342I- and V331A/G344S-
revertant enzymes, one water molecule is present, but the
distance between the Glu338 amide nitrogen and the carbonyl
oxygen of Asp473 is lengthened by 0.25, 0.55, and 0.80 Å,
respectively.

The side chain of Asp473 may also be important in
securing the carboxy terminus to the bulk of the large subunit
(16, 28). The carboxyl group of Asp473 makes ionic bonds
with the guanidino nitrogen of Arg134 and the Nε of His310

FIGURE 5: Interactions of residue 331. (A) Superposition of the
wild-type (carbon atoms colored white) and V331A-mutant (carbon
atoms colored blue) structures. The V331A substitution disrupts
van der Waals interactions of residue 331 with Thr342, Arg339,
and Ile393. (B) Superposition of the V331A-mutant (carbon atoms
colored blue) and V331A/T342I-revertant (carbon atoms colored
yellow) structures. The V331A/T342I-revertant substitutions cause
a movement of main-chain atoms around large-subunit residue
Arg339, restoring van der Waals interactions to Ala331. (C)
Superposition of the supressor T342I (carbon atoms colored orange)
with the wild-type (carbon atoms colored white) and V331A-mutant
(carbon atoms colored blue) structures. The additional bulk of the
Ile342 Cγ atom in T342I shifts the side chain of Val331 relative
to that of the wild type and V331A.
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(Figure 7). In addition, the carboxy terminus is further
secured by hydrogen bonding between the carboxyl of
Glu336 and the backbone amides of Ile472 and Asp473.
Because the carboxy terminus is disordered in the D473E-
mutant enzyme, all these interactions are likely to be
abolished, and the side chain of loop-6 Glu336 has an altered

conformation (Figure 7). Despite these alterations, the
D473E-mutant enzyme is able to bind CABP, and apart from
the disordered carboxy-terminus, it displays all features of
the closed state (i.e., ordering of loop 6 and the amino-
terminal-domain loop of the adjacent large subunit).

Although the D473E substitution causes no gross pertur-
bation of the structure of Rubisco apart from the disorder of
the carboxy terminus, there are subtle alterations in the active
site, including the conformation of CABP. This may
contribute to the decreases inΩ, carboxylation catalytic
efficiency, and tightness of CABP binding observed for the
D473E and D473A mutant enzymes (28). However, because
of the low-resolution limit (2.8 Å) of the D473E structure,
it is not possible to quantify these changes.

DISCUSSION

TheChlamydomonas rbcL-V331A mutant and its photo-
synthesis-competentrbcL-V331A/T342I andrbcL-V331A/
G344S revertants served as the first examples of genetic
alterations that could both decrease and increase Rubisco
CO2/O2 specificity (25, 26). Because the mutant and sup-
pressor residues flank active-site Lys334 in the flexible loop
6 (Figure 1), it was proposed that changes in the size of
interacting side chains were responsible for disrupting/

Table 3: Contacts of Residue 331 (Å)a

atom pair wild type V331A V331A/T342I T342I V331A/G344S

V331(Cγ2)-I393(Cδ1) 4.05 3.85
V331(Cγ2)-T342(Cγ2) 3.95
V331(Cγ2)-I342(Cδ1) 3.72
V331(Cγ2)-R339(CR) 4.09 3.80
A331(Câ)-I393(Cδ1) 4.28 4.05 4.17
A331(Câ)-T342(Cγ2) 5.60 5.38
A331(Câ)-T342(Oγ1) 5.06 4.46
A331(Câ)-I342(Cδ1) 4.29
A331(Câ)-R339(CR) 4.48 4.12 3.95

a Distances are mean distances in all subunits in the asymmetric unit.

Table 4: Distances between CABP and Several Active-Site Residuesa

atom pair wild type V331A V331A/T342I T342I V331A/G344S D473E

CABP(O2)-T173(Oγ) 2.79 3.21 2.90 3.02 2.95 2.9
CABP(O3)-K201-carbamate(O1) 2.49 2.68 2.61 2.67 2.60 2.8
CABP(O4)-S379(O) 2.97 3.13 3.04 3.03 3.13 3.0
CABP(O4)-S379(Oγ) 2.90 3.19 2.72 3.11 3.08 2.9
a Distances are mean distances in all subunits in the asymmetric unit.

FIGURE 6: Stereo diagram showing interactions of Glu338 with residues in loop 6 and the carboxy terminus in the wild-type (carbon atoms
colored white) and V331A/T342I-revertant (carbon atoms colored yellow) enzymes. The solvent molecule (red) is associated with the
wild-type enzyme.

FIGURE 7: Interactions relative to Glu473 in the wild-type (white)
and D473E-mutant (magenta) enzymes. Residue 473 is disordered
in the D473E structure.
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restoring the hydrophobic core of loop 6, thereby influencing
the interactions of the Lys334 side chain with the carboxy-
lation and oxygenation transition states (8, 25, 26). A
subsequent directed-mutagenesis study ofSynechococcus
Rubisco expressed inE. coli confirmed that the V331A
substitution decreasesΩ, but a T342I substitution alone did
not alter theΩ value of otherwise wild-type Rubisco (22).
Numerous directed-mutagenesis studies of loop 6 ensued
(reviewed in refs1 and3), but the molecular basis for the
influence of loop 6 and its associated structural elements on
Ω could not be rationalized beyond some alteration of loop-6
Lys334 (1, 8, 21). When the X-ray crystal structure was
solved for the spinach enzyme, it was readily apparent that
the V331A and T342I substitutions could, in fact, comple-
ment the bulk within the hydrophobic core of loop 6 (19).
However, because Gly344 would not be directed toward the
core of loop 6 (19), it was difficult to explain subsequently
how the G344S-suppressor substitution would complement
the low catalytic efficiency and specificity resulting from
the original V331A-mutant substitution (26). X-ray crystal
structures also revealed that the carboxy terminus could
influence the loop-6 structure (16-19, 24), and deletion of
10 carboxy-terminal residues from the Rubisco large subunit
of Synechococcuscaused a substantial decrease inΩ (22).

In the present study, with an objective to understand the
role of loop 6 in catalytic efficiency and specificity, directed
mutagenesis and chloroplast transformation ofChlamydomo-
naswere employed to create the T342I and G344S loop-6
suppressor substitutions in the absence of the original
V331A-mutant substitution. X-ray crystal structures were
then solved for theChlamydomonasmutant enzymes relevant
to this region of the Rubisco structure.

As previously anticipated (19, 25), the V331A substitution
creates a cavity in the hydrophobic core of loop 6 that may
be filled by solvent. In the V331A/T342I-revertant enzyme,
the cavity is filled by the side chain of the T342I-suppressor
substitution (Figure 3). The G344S suppressor substitution
at least partly fills in the core of loop 6 due to displacement
of R-helix 6 (Figure 4). However, despite a variety of
alterations in the residues that comprise loop 6 and changes
in the contacts between other residues and the CABP
transition-state analogue, it is not readily apparent how
changes in loop 6 may bring about changes in the interactions
of residues with CABP. Contacts between CABP and the
loop-6 active-site residue Lys334 are not significantly altered.
Considering that a 60% decrease inΩ (for the V331A
enzyme, Table 1) is equal to a change of only 2.3 kJ/mol in
the difference of the free energies of activation for the
carboxylation and oxygenation transition states (8), it may
be difficult to see the exact structural basis for a change in
Ω.

One plausible hypothesis to explain an effect of the V331A
substitution on the active site concerns the backbone atoms
of residues flanking Ala331. The main-chain atoms of
Thr330 move slightly to compensate for the loss of bulk in
loop 6. The Cγ2 atom of Thr330 is in van der Waals contact
with the carbonyl oxygen of Ser379, and this distance may
be shortened slightly. Together, these changes may be
responsible for the significant lengthening of the hydrogen
bond between Ser379 Oγ and CABP O4 (Table 4). Previous
directed-mutagenesis studies withR. rubrum, Synechococcus,
and ChlamydomonasRubisco have shown that an S379A

substitution greatly decreases the rate of carboxylation and
altersΩ (49-51). Thus, it would seem reasonable to consider
that an alteration affecting the interaction between Ser379
and CABP may be responsible for a decrease inΩ (Table 1).

The T342I-suppressor substitution restores the position of
Thr330, but the V331A/T342I-revertant and T342I-suppres-
sor enzymes have similar decreases inVc and Ω, and
increases inKc and Ko, when compared with wild-type
Rubisco (Table 1). This indicates that the T342I substitution
affects the structure in the same way regardless of whether
residue 331 is Val or Ala. In the V331A/T342I-revertant and
T342I-suppressor enzyme structure, the Cδ1 atom of Ile342
forms a new van der Waals interaction with Gly329, which
draws the Gly329 CR away from CABP by 0.33 and 0.14
Å, respectively. This may influence the interactions of a
number of residues with CABP in this region. In a previous
directed-mutagenesis study ofSynechococcusRubisco, a
G329A substitution eliminated carboxylase activity (52),
further indicating that structural interactions focused on
residues Ser379 and Gly329 may have a critical role in
determiningΩ.

Relative to the V331A-mutant enzyme, the V331A/G344S-
revertant enzyme has an increase inΩ (Table 1), but the
increased hydrogen-bond distance between CABP and the
Ser379 carbonyl oxygen is similar in both enzymes (Table
4). Because the V331A/G344S-revertant and G344S-sup-
pressor enzymes have different alterations in Rubisco
catalytic properties (Table 1), it is likely that the G344S
substitution alone produces changes in structure that cannot
be deduced from only the V331A/G344S-revertant enzyme
structure.

In the D473E crystal structure, the loss of hydrogen
bonding between Glu336 and the backbone amides of Ile472
and Asp473 appears to cause a change in the interactions
between CABP and Leu335. CABP O4P moves out of van
der Waals contact with the Câ and Cδ1 atoms of Leu335,
with an increase in these distances of about 0.4 Å. Substitu-
tion of Leu335 with a variety of different residues also causes
decreases inΩ (53, 54).

In addition to the positional changes incurred by the mutant
substitutions, it is also worth considering the effects of the
substitutions on the flexibility and dynamics of the protein
(12), effects that ultimately may be transmitted to the active
site. The T342I substitution abolishes two hydrogen bonds
of Oγ of the Thr342 side chain, one to the carbonyl oxygen
of Glu338 and another to a solvent molecule. The loss of
hydrogen bonding is likely to be destabilizing, but the
magnitude of the effect also depends on the nature of the
new amino acid side chain that is introduced. Substitutions
that add or remove bulk (I342 and A331) are also likely to
influence the dynamics of the loop.

The location of a Gly residue in the middle of anR-helix
is relatively rare. Substitution of Gly344 in the middle of
R-helix 6 of theR/â barrel is expected to add rigidity, but
the Ser residue introduced in its place also has a relatively
low R-helix propensity (55). Ser can participate in intrahelical
hydrogen bonding, but may do so because it is the lowest
energy option available. In the present structure, although
the i - 4 main-chain carbonyl is present and available for
hydrogen bonding, the Ser344 Oγ hydrogen bonds to the
carbonyl O of Val341 at thei - 3 position, as well as to a
local solvent molecule. This forces the side chain to adopt a
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slightly strained conformation and hydrogen bonds of non-
ideal geometry. Such strain may alter the dynamics of the
adjacent loop, and the effects may ultimately be transmitted
to the active site. Participation of the Ser hydroxyl in a
hydrogen bond with a backbone carbonyl oxygen in the
preceding turn of theR helix may also weaken theR-helical
hydrogen bond in which the carbonyl oxygen is already
participating.

The D473E substitution causes disorder of residues 470-
475 of the carboxy terminus and disrupts a number of
hydrogen bonds. Because these residues pack againstR-helix
6 and loop 6 in the wild-type enzyme (Figure 1), the disorder
is likely to influence loop-6 dynamics. These effects may
be transmitted to the active site.

The X-ray crystal structures of mutant Rubisco enzymes
illustrate the complexity of the structure, relatively distant
from active-site residues, that must ultimately determine
Rubisco catalytic efficiency and specificity. Although ex-
planations for the influence of substituted residues on
catalysis remain speculative, the ease of directed mutagenesis
and chloroplast transformation inChlamydomonas, coupled
with genetic selection in vivo, may prove useful for further
assessing the importance of the observed structural alter-
ations.
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